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Hollow structured Li3VO4 wrapped with graphene nanosheets in situ prepared by 
one-pot template-free method as an anode for lithium-ion batteries 
Abstract 
To explore good anode materials of high safety, high reversible capacity, good cycling, and excellent rate 
capability, a Li3VO4 microbox with wall thickness of 40 nm was prepared by a one-pot and template-free 
in situ hydrothermal method. In addition, its composite with graphene nanosheets of about six layers of 
graphene was achieved. Both of them, especially the Li3VO4/graphene nanosheets composite, show 
superior electrochemical performance to the formerly reported vanadium-based anode materials. The 
composite shows a reversible capacity of 223 mAh g−1 even at 20C (1C = 400 mAh g−1). After 500 
cycles at 10C there is no evident capacity fading. 
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ABSTRACT:  To  explore  good 
anode materials of high safety, high 
reversible capacity, good cycling and 
excellent rate capability, a Li3VO4 
microbox with wall thickness of 40 
nm was prepared by a one-pot and 
template-free   in-situ   hydrothermal 
method.  In  addition,  its  composite 
 
with graphene nanosheets of about 6 layers of graphene was achieved. Both of them especially 
the Li3VO4/graphene nanosheets composite show superior electrochemical performance to the 
formerly reported vanadium-based anode materials. The composite shows a reversible capacity 
of 223 mAh g
-1  
even at 20C (1C = 400 mAh g
-1
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Developing a sustainable and renewable energy future has been one of the most important tasks 
for worldwide scientists to address increasing global energy consumption as well as the critical 
issue of climate change. Efficient energy storage systems are needed for the electricity generated 
from   intermittent,   renewable   sources.
1     
Rechargeable   lithium   ion   batteries   have   been 
commercially successful energy storage devices since 1991.
2 
So far, there are three main anode 
 
materials: the alloy-type anodes materials such as Si- and Sn-based alloys and their composites, 
3 
the conversion reaction type ones such as transition metal oxides, 
4,5  
and the intercalation/de- 
intercalation  type  one  such  as  graphite,  Ti-based  oxides,
6   
and  layered  V-based  oxides.
6,  7
 
Although work on the alternatives to intercalation type anode materials has made important 
progress, graphite still remains the dominant commercial anode material. However, graphite has 
a  small lithium diffusion coefficient and experiences large volume variation of 9% during the 
lithium intercalation/de-intercalation process. In addition, it has severe safety issues of dendritic 
lithium growth, due to its low potential (only about 0.2 V versus Li
+
/Li). Especially at high rates, 
polarization would considerably lower its potential further, causing the birth of lithium dendrites 
and the consequent safety issues. Furthermore, the thick solid electrolyte interphase (SEI) layer 
on its surface could also introduce kinetic problems for fast charge and discharge. 
8 
Li4Ti5O12 has 
been found to change its structure negligibly during the discharge/charge process, and possesses 
 
good lithium ion mobility and a long and stable voltage plateau, together with low cost, 
environmental friendliness, and enhanced safety.
8-10  
Nevertheless, its potential is still relatively 
higher, about 1.6 V (versus Li
+
/Li), thus halving the overall cell voltage and negating the benefits. 
The estimated energy density of lithium ion batteries based on Li4Ti5O12 anode (regarding both 
potential and capacity) does not exceed one third of that on graphite if they are coupled with a 
typical 4 V cathode. 
5  
It was recently reported that Li can be intercalated into the layered 
transition metal oxide LiVO2, 
6 
but its major difficulty for application as an anode lies in the fast 
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deterioration of the material.
11-13  
So, it would be of great interest to find a new intercalation 
anode with large capacity and appropriate intercalation potential.
5
 
Recently, it was reported that Li3VO4 
 
+
, lower than the potential of Li4Ti5O12 and higher than that of graphite. Its 
theoretical capacity is 394 mAh g
−1
, in accordance with x = 2 in Li3+xVO4. Combined with the 
low and safe voltage, Li3VO4  features a large specific capacity and low cost. It might act as a 
new intercalation anode for the lithium ion battery.
5 
Despite these advantages, the practical use 
of this material still faces some barriers. Li3VO4  requires further modifications to overcome 
certain limitations, such as low electronic conductivity, which is quite lower compared to its ionic 
conductivity, and this may cause large resistance polarization and poor rate capability. Thus, 
reducing  the  particle  size  and  hybridization  with  electronically  conductive  materials  are 
necessary for this material to be suitable for future use.
5
 




However, it is a great challenge to develop feasible methods for the one-pot, 
template-free, solution synthesis of single-crystalline particles with well-defined non-spherical 
morphologies. 
17 
Here, we reported the preparation of a composite of hollow Li3VO4 microboxes 
with a wall thickness of about 40 nm wrapped by graphene nanosheets (LVO/G). When the 
LVO/G composite is used as anode material for lithium ion batteries, it offers significant 
improvements in capacity, rate capability and cycling life compared to the reported vanadium- 
based anode materials. 
5, 13
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Scheme 1 Schematic illustration summarizing all the major morphological changes involved in 
the synthesis of LVO/G by corrosive etching: a) commercial V2O3 microrod; b) pitting at several 
specific sites on the surface of such a  microrod, where the O2  dissolved in the solvent and the 
functional groups of graphene oxide have oxidized the V2O3; c) cross-section of hollow structure 
after further etching of the interior of the rod and its covering with Li3VO4 precipitate; d) 
subsequent hollowing of the rod; e) formation of a completely enclosed Li3VO4 microbox 





At first, graphene oxide (GO) was prepared according to the method reported by Hummers from 
p p d (A d , p d   , < 2 μ   , ) 
17  
Then the LVO/G composite was 
prepared by an  in-situ one-step hydrothermal process  as  shown  in  Scheme 1.  In  a typical 
synthesis, a suitable amount of GO, hydrazine hydrate, 1.688 g LiOH, 0.304 g V2O3  (> 99.0%, 
Sigma–Aldrich), and de-ionized H2O were mixed together for 2 h using an ultrasonic probe, 
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which was followed by vigorous magnetic stirring at room temperature for 0.5 h. The resultant 
mixture was then transferred to an autoclave and kept in an oven at 180 C for 40 h under a 
vacuum pressure of 0.1 MPa. The product was washed with de-ionized water, anhydrous ethanol, 
and acetone several times and dried at 80 C in a vacuum oven for 4 h. For comparison, Li3VO4 
microboxes was also prepared using the same procedure without graphene oxide and hydrazine 
hydrate, and graphene was obtained by the reduction of grapheen oxide with hydrazine hydrate. 
As to the detailed formation mechanism of the microboxes (Scheme 1), the supporting 
information (Figures S1 and S2) can be referred. The main action is due to the hollowing of the 






precipitating of the soluble VO4
3- 







Figure 1 Electronic micrographs of LVO/G composite measured by a field emission scanning 
electron microscopy (FE-SEM: JEOL JSM-7500FA; TEM: JEOL 2011 high resolution 
instrument): (a) FESEM secondary electron micrograph of large area of LVO/G; (b) FESEM 
micrograph of the area indicated by the rectangle marked with red lines in Figure 1(a); (c) 
FESEM micrograph of LVO/G; (d) TEM micrograph of hollow LVO/G; (e) graphene region 
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attached to Li3VO4 (lower right) with the inset of HRTEM micrograph of edge of graphene, 
revealing contrast from C-type fringes, and (f) FESEM micrograph of LVO with the inset 




Electronic micrographs (Figure 1) of the LVO/G composite indicates that the sample comprises 
of Li3VO4 microboxes and graphene nanosheets. The average size of the Li3VO4 microboxes is 
u  d 2 μ in length, 800 nm in width and 500 nm in height. Its wall thickness is around 40 nm 
(Figure 1f). The hollow structure of the Li3VO4  microboxes and holes between the graphene 
nanosheets can easily be filled with electrolyte, which is expected to offer rapid routes for both 
Li
+ 
ion and electron transportation. The surface of the hollow LVO microboxes is wrapped with 
graphene nanosheets of about 6 layers in thickness (Figures 1d and 1e). It should be emphasized 
that even after a long period of sonication during the preparation of the FESEM and TEM 
specimens, the graphene nanosheets are still anchored on the surface of the Li3VO4 microboxes, 

























10 20 30 40 50 60 70 80 
2 (degree) 
 






Figure 2 (a) XRD patterns of the prepared Li3VO4 microboxes and the LVO/G composite which 
were  measured  by  u            GBC  MMA         u                   Cu  Kα  radiation  and  a  graphite 
monochromator. Data were collected from powder samples at a scanning rate of 3° min
-1 
f    2θ 
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in the range of 10–80°; and (b) Raman spectra of the graphene, the Li3VO4 microboxes, and the 
 






X-ray diffraction (XRD) patterns for the Li3VO4 microboxes and the LVO/G composite (Figure 
 
2a) show that most diffraction lines can be indexed to the orthorhombic Li3VO4 phase (JCPDS 
No. 38-1247) with the lattice parameters a = 5.447 Å, b = 6.327 Å, c = 4.948 Å, and α = β = γ = 
90
o 
. Diffraction peaks which might appear for graphene are absent, most likely because they are 
 
below the limits of detection by XRD, or the graphene (002) peak is eclipsed by the Li3VO4 (111) 
one. Another reason is that the layers of graphene sheets is too few, about 6 as the above 
mentioned, and their diffraction intensity is very weak. Raman spectra (Figure 2b) indicate the 





are attributed to the D-band (K-point phonons of A1g symmetry) and G-band 
 
(E2g phonons of C sp
2 
atoms) of graphene. The broadening of the D and G bands with a strong D 
line indicates localized in-plane sp
2 
domains and disordered graphitic crystal stacking of the 
graphene nanosheets. The peak intensity ratio between the 1333 and 1592 cm
-1  
peaks (ID/IG) 
generally provides a useful index about the degree of crystallinity of various carbon materials, 
i.e., the smaller the ID/IG  ratio, the higher the degree of ordering in the carbon material. 
20  
The 
ID/IG  values of the graphene and the  LVO/G  composite are 1.633  and 1.638,  respectively, 
indicating that the graphene nanosheets are well retained even after their wrapping on the Li3VO4 
microboxes. 
21,33 
The amount of graphene in the LVO/G composite was estimated to be 
approximately 10.5 wt. % from the thermogravimetric analysis (Figure S3). 
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Figure 3 Electrochemical performance of the Li3VO4 and the LVO/G composite tested by  using 
the electrodes prepared by pasting the mixture of the Li3VO4 or LVO/G anode material, carbon 
black and sodium carboxymethyl cellulose (CMC) in a weight ratio of 75: 20: 5 on a copper foil 
followed by a drying in a vacuum oven at 150 °C for 2 h. CR 2032 coin-type cells were 
assembled in an Ar-filled glove box (Mbraun, Unilab, Germany) using lithium metal foil as the 
counter and reference electrode and 1 M LiPF6 solution in ethylene carbonate/diethyl carbonate 




between the voltage range of 0 and 3 V measured by a Land Battery Tester; (b) Nyquist plots of 
the anodes  f                                         p         f              p  x     p d               u  ω
-1/2 
at an anodic 
potential of 0.75 V (vs Li
+
/Li) (inset) (Biologic VMP3 electrochemical workstation, the AC 
amplitude was 5 mV, and the frequency range applied was 0.01 Hz to 100 kHz); (c) cycling 
performance at the current density of 20 mA g
-1 
between the voltage range of 0.2 and 3 V and the 
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inset is their cycling performance at 10C (4 A g
-1
); and (d) rate performance between the voltage 
range of 0.2 and 3 V. 
 
The electrochemical performance of the Li3VO4 microboxes and the LVO/G composite is shown 
in Figure 3. The gentle slope in the charge/discharge curves of the LVO/G composite may be 
attributed to the graphene. Both of them show a great overlapping above 0.2 V in the 
charge/discharge curves (Figure 3a). The charge (reversible) capacity of the LVO/G composite is 
511 mAh g
-1  




than that of the Li3VO4  microboxes, and the main capacity is situated between 0.2 and 2.0 V. 
These data are much higher than those of the reported. 
5, 13 
The main capacity is situated at about 
1 V, which is consistent with their cyclic voltammograms (Figure S4).  In addition, the Li3VO4 
also shows a discharge platform below 0.2 V, which makes the whole charge capacity reach 467 
mAh g
-1
, much higher than that of the commercial graphite. The comparison of the 
discharge/charge profiles between different voltage range is shown in Figure S5. Considering 
that the amount of graphene is 10.5 wt.%, the above comparison indicates that the contribution of 
graphene to capacity is not small, which will be about 440 mAh g
-1 
for the graphene nanosheets. 
This is similar to that for the reported amorphous carbon, whose voltage is ranging from 0 to 3.0 
V. 
24 
As a result, the intercalation and de-intercalation reactions during the charge and discharge 
process can be shown as equation (1): 




Li3+xVO4 (0  x  2) (1) 
 
The Nyquist plots (EIS spectra) show two compressed semicircles in the high to medium 
frequency range of each spectrum, which describe the charge transfer resistance (Rct) for these 
electrodes, and an approximately 45
o  
inclined line in the low-frequency range, which could be 
 
considered as Warburg impedance (ZW), which is associated with the lithium-ion diffusion in the 
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bulk of the active material. The first compressed semicircle is related to the SEI film, and the 
high-frequency intercept of the second semicircle is related to the uncompensated resistance (Ru), 




After simulating the second compressed semicircle for both samples, the values of Rct  for the 
Li3VO4       d      O G            d      f                                   u     d          2         d 8   Ω,     p            . 

















where R is the gas constant, T is the absolute temperature, A is the surface area of the anode (1 
cm
2
), n is the number of electrons transferred in the half-reaction for the redox couple, F is the 









), and σ is the Warburg factor, which is relative to Zre. From the 
slope of the lines in the inset of Figure 3b σ can be obtained.
23
 




According to the linear fitting, the slope of the real part of the complex impedance versus ω
-1/2 
at 
the potential of 0.75 V (vs. Li/Li
+
) for the Li3VO4 and LVO/G electrodes after 5 cycles is 39.3 
and 20.1, respectively. The lithium diffusion coefficients at 25 
o
C were calculated to be 2.63 × 
10
-14  






for the Li3VO4  and the LVO/G composite, respectively. These 
results show that the LVO/G composite presents smaller charge transfer resistance and higher 
lithium diffusion coefficient, which are favorable for rapid charge and discharge. 
After the first few cycles, the electrode reactions show high reversibility (Figure 3c). The charge 




, and it keeps very stable after 50 cycles. The cycling performance is superior to that of another 
 




to 100 mAh g
-1  
after 10 cycles,
6, 11, 12  
and that of the reported Li3VO4, 
5, 13  
whose 
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capacity faded from the crack of crystal. In the case of the Li3VO4/graphene composite, it shows 
an even higher capacity. The charge capacity of the LVO/G composite in the third cycle is 378 
mAh g
-1 
and does not fade evidently after 50 cycles, which is very near to its theoretical capacity, 
394 mAh g
-1
. After long cycling at high rate (10C), the capacity is still stable. The good retention 
 




To compare the rate capability, the C rate is based only on the Li3VO4 and 1C is 400 mA g
-1
. The 
Li3VO4 can retain a reversible capacity of 87 mAh g
-1 
at 20C. In contrast, the LVO/G composite 
exhibits an obviously much improved performance over the Li3VO4 (Figure 3d). A high charge 
capacity of 223 mAh g
-1 
was obtained for the LVO/G composite at the current density of 20 C, 
which is 136 mAh g
-1 
higher than that of the LVO. These results are also superior to the reported 
vanadium-based anode materials, 
5,13 
and also superior to those of graphite. 
The improvement in the electrochemical performance of the Li3VO4 over the reported vanadium- 
based anode materials can be due to several factors. First, the cavities or holes in the hollow 
structure may provide extra space for the storage of lithium ions like in carbons, 
24  
which is 
beneficial  for  enhancing  the  specific  capacity,  and  this  is  the  main  reason  the  reversible 
capacities of the Li3VO4  microboxes and the LVO/G composite are higher than the theoretic 
value of Li3VO4. Second, the hollow structure is often associated with larger surface area, which 
provides more sites for lithium insertion–desertion, leading to good charge and discharge 
performance at large current densities. 
25 
Third, the nanometer (40 nm) wall effectively reduces 
the diffusion distance for lithium ions, leading to better rate capabilities. Fourth, the void space 
in the hollow structures buffers the local volume change during lithium insertion–desertion and 
is able to alleviate the problem of pulverization and aggregation of the electrode material, hence 
keeping structural stability during cycling.
25, 26
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In the case of the LVO/G composite, its superior electrochemical performance is ascribed to the 
wrapped graphene nanosheets. First, it provides higher electronic conductivity leading to the 




the high chemical diffusivity of Li on a 
graphene plane favors the transportation of lithium ions.
21, 29-35  
Third, the grapene nanosheets 
 
have the open and flexible porous structure favoring the emission the strain/stress and the 
retaining good structural stability during cycling. 
32,35
 
In summary, a composite of Li3VO4/graphene has been synthesized by a novel rapid one-step in- 
situ hydrothermal method. The resultant composite reveals a unique morphology, in which 
homogeneous hollow structured Li3VO4 microboxes of 40 nm wall thickness are wrapped with 




insertion/de-insertion, increase the surface area of the materials, provide extra space for the 
storage of lithium ions, and reduce the effective diffusion distance for lithium ions. As a result, 
improved capacity, rate capability and cycling performance have been achieved for the Li3VO4 
microboxes. Furthermore, this graphene-wrapped nano-architecture provides high electronic 
conductivity for both facile mass transfer and facile charge transfer, and good structural stability 
for the Li3VO4 microboxes. The Li3VO4/graphene composite has superior electrochemical 
performance such as high capacity, stable cycling life, and exceptional good rate capability. 
Therefore, the Li3VO4/graphene nanosheets composite is a promising anode candidate for the 







Supporting Information. Materials, Methods and addition supplemented figures. These 
materials are available free of charge via the Internet at http://pubs.acs.org. 
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